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Abstract Several episodes of airborne mineral dust transported from the Saharan deserts
were observed at Sal Island, Cape Verde for 2-28 September 2006 during the NASA
African Monsoon Multidisciplinary Analyses (NAMMA) field experiment. Dust particles
were mixed with marine background aerosols when the dust layers descended into the
marine boundary layer. A new method is developed to derive the optical properties of
dust when mixed with maritime aerosols. The derived single scattering albedo and mass
scattering efficiency differed significantly between two selected cases leading to
differences in their direct radiative effects. Back-trajectory analyses suggest that the two
cases were influenced by dust particles originating from different source regions over
North Africa. This stresses the importance of resolving dust optical properties in sub-
regional scales to attain a better assessment of the role of airborne dust on the climate
system.

1. Introduction



Airborne Saharan dust (ASD) is the most important source of airborne mineral
dust nearly year-round [Ginoux et al., 2001; Prospero and Lamb, 2003], rendering large
radiative effects [Tegen et al., 1997], while its impact on the climate system still poses
significant uncertainty [Forster et al., 2007]. Characterizing the optical properties of ASD
together with its spatial distribution is crucial, as these factors can introduce differential
heating/cooling in the atmosphere and surface, thereby causing abrupt changes in the
atmospheric circulation [e.g., Lau et al., 2006]. There have been many field experiments
to measure the optical properties of Saharan dust [e.g., Reid and Maring, 2003; Tanre et
al., 2003]. National Aeronautics and Space Administration (NASA)’s African Monsoon
Multidisciplinary Analyses (NAMMA) is the latest effort to remedy the lack of
comprehensive observations in the West African region. Most observations of NAMMA
are air-borne measurements; however, these can be exceedingly difficult to make from
fast moving aircrafts, particularly for large-sized dust particles. Although measurement
systems can be more effectively controlled using ground-based instruments to attain
optimum conditions for measuring coarse-mode dust, there are still inherent difficulties in
dust measurements. One of the obstacles is that the dust layers have to reach the surface,
and even when they do, the dust particles get mixed with aerosols in the marine boundary
layer (MBL). Thus, normally, much more expensive instruments like mass spectrometers
or laborious chemical analyses have been needed to acquire the dust optical properties
from the surface measurements.

In this paper, a new method to separate the properties of airborne dust from those
of the marine background aerosols using popular and relatively inexpensive

instrumentation is described. The method allows for the dry mass concentration, mass



scattering efficiency (MSE) and single scattering albedo (SSA) of dust to be estimated.
Two dust episodes are contrasted to highlight the importance of resolving dust optical
properties to assess their radiative effects more accurately.
2. Measurements

Intensive measurements of aerosols, clouds, and radiation were made by the
NASA'’s Surface-sensing Measurements for Atmospheric Radiative Transfer (SMART)
and Chemical, Optical, and Microphysical Measurements of In-situ Troposphere
(COMMIT) mobile laboratories as part of a contributing effort during the NAMMA field
experiment held at Sal island, Cape Verde (Aug-Sep, 2006). SMART carries a suite of
radiometric sensors for measuring fluxes and radiances over a wide spectral range
spanning wavelengths from the ultraviolet to the microwave and a Micro-Pulse Lidar
(MPL) monitoring the vertical profiles of aerosols and clouds. COMMIT is equipped
with (1) a three-wavelength (450, 550, and 700nm) nephelometer (TSI), (2) three single-
wavelength (530nm) nephelometers (Radiance Research) with variable relative humidity
(RH) settings (~40%, ambient, and ~85%), (3) a three-wavelength (467, 530, and 660nm)
Particle/Soot Absorption Photometer (PSAP; Radiance Research), (4) a TEOM aerosol
mass concentration monitor (Thermo Electron Corp.), (5) an Aerodynamic Particle Sizer
(APS; TSI), (6) CO,, CO, NOx, SO,, and O3 gas monitors (Thermo Electron Corp.) and
some more. Systematic data reduction procedures established for the COMMIT system
were applied to these in-situ data. Details of the complete instrumentation for SMART-
COMMIT are provided at http://smart-commit.gsfc.nasa.gov/.

After considering the inlets and tubing for individual instruments [Baron and

Willeke, 2001] in COMMIT, the derived sampling efficiencies together with APS-



derived aerosol size distributions were used to ensure all the instruments could measure
the equivalent aerosol mass. In general, a loss of particles is expected due to imperfect,
but inevitable, sampling inefficiency. For example, for particles with diameter less than
10pum (PM10), the TEOM, TSI nephelometer, and PSAP experienced mass losses of
2.8%, 2.9%, and 14.7%, respectively during the dust episodes to be discussed in this
study. This differential mass loss among instruments can lead to errors in the derived
quantities such as aerosol MSE and SSA. The current assessment on the reductions in the
scattering and absorption coefficients (at 550nm) due to the corresponding mass losses
are 1.4% and 11.9%, respectively. Additionally, conventional correction methods
[Andersons et al., 1998; Bond et al., 1999] suggested for the TSI nephelometer and PSAP
measurements were applied accordingly.

In this study, scattering and absorption coefficients from the TSI nephelometer
and PSAP, and TEOM mass concentration were used to derive SSA and MSE. Aerosol
humidification factor (AHF), defined as the ratio of the aerosol scattering coefficient at
RH=85% to that at RH=40% was calculated at 530nm using the same method adopted by
Jeong et al. [2007] and regarded as the values at 550nm. All the in situ measured aerosol
parameters are defined for PM10 (diameter equal to or less than 10um) unless
specifically mentioned otherwise.

Sal (16.7N, 22.9W), Cape Verde is a small island (~216km?) located about 640
kilometers off the coast of northwestern Africa. Surrounded by an open ocean, maritime
aerosols are dominant year-round unless Saharan dust passes over the island. During the
SMART-COMMIT deployment, several dust episodes were captured, in which the dust

layers descended into the MBL, so that optical properties of dust mixed with the MBL



aerosols could be measured in situ at the surface (Fig 1). In this study, we focus on two of
such cases — Case-I for the Sep 11-13 and Case-II for Sep 19-20.
3. Derivation of Dust Optical Properties

During the deployment, aerosol precursor trace gases such as CO, SO,, NOx, and
O; were monitored simultaneously. The data indicated there were no significant
influences of local pollution during the entire experiment period. This allows us to
assume that the changes in aerosol properties at Sal are associated with transported dust.
Exploiting this unique opportunity, a new method to derive the dust optical properties
from those of aerosol mixtures is described below.

Suppose that a volume of aerosol samples is a mixture of two components,
namely “dust” and “background” aerosols. The measured aerosol scattering coefficients
become the sum of the two components:

ksca,Mix(RH)zk (RH)+ksca,Du(RH)a (1)

sca,Bg

where k (RH), k (RH), and k (RH) denote the scattering coefficients for

sca, Mix sca,Bg sca,Du
an aerosol mixture (or a volume of aerosols being actually measured), marine background
aerosols, and dust at a given relative humidity (RH), respectively. Hereinafter, the
subscripts, “Mix”, “Bg”, and “Du”, will denote the aerosol parameters for mixture,

background, and dust, respectively. A MSE, o, (RH), for aerosols is defined by the

sca

ratio of the scattering coefficient to the dry aerosol mass concentration (M & ):

O-sca,Mix(RH) = ksca,Mix(RH )/M I?/Iix . (2)
From Eq. (1) and (2), the MSE can be broken down into the sum of the two aerosol

components; i.e.,



(RH) =(1=Wp, )05 (RH) +Wp 0, 5, (RH), 3)

sca Mix
where w,, = M, (M gg +M gu). AHF at a RH value of interest, f(RH), is defined as
follows:

f(RH) =k, (RH%)/K,, (40%) . 4)
f(RH) with RH=85% [i.e., f(85%)] is often used as an indicator of hygroscopicity of
aerosols. By combining Eq. (1) and (4), f(85%) for an aerosol mixture can be written as:

«ca,ou (85%0)
(40%) ©®)

(85%)  Kopapg (85%) +K

M|X (85%) — sca Mix
(40%) K., o (40%) +K

sca Mix

sca,Bg sca,Du

For brevity of equations, a parameter, y, is defined as

(40%) fBg (85%) — f,,,, (85%)
(40%) £y, (85%) — T, (85%)

sca Du

Y (6)

sca Bg
Manipulations lead to the following relationships between the scattering coefficients for
dust (background) aerosols and an aerosol mixture:

e (40%) Ko, (40%>ELl e (40%) ™)
| =

sca Du

(40%) =——
7+1

By combining Eq. (2) and (7), relationships between aerosol mass concentration and
aerosol scattering coefficients for the respective aerosol components are derived as
follows:

(40%) (40%)

MY = scaMlx : MS =md _ scaMlx . 8
” Osca ,Bg (40 A)) (7/ + 1) > . sca Bg (40 A)) (7 + 1) ( )
Thus, MSE for dust becomes
_ Y
O-sca,Du " d / 1\ (40 A)) (9)

M gu (7/ + 1) sca Mix

SSA for an aerosol mixture can be written as



ksca,Bg (40%) + I(sca,Du (40%)

a)Mix = . ( 1 O)
ksca,Bg (40%) + ksca,Du (40%) + kabsng (40%) + kabs,Du (40%)

Finally, combining Eq. (6) and (10) results in a relationship among SSAs for dust,

background aerosols, and an aerosol mixture:
@y = |1+ 7)o — @, |7 - (11)
4. Results of In-situ Measurements

In order to derive dust optical properties using the equations in section 3, the

following parameters need to be considered as a priori: (1) “Background” MSE [o, 5, ],

(2) “Background” f(85%) [ fg,(85%)], (3) “Background” SSA [@y, ], and (4) “Dust”
f(85%) [ f,, (85%)]. Thus, “Background” conditions are determined by examining the

time series of all available measurements during the experiment. Relatively lower
scattering and absorption coefficients and higher {(85%) were found between dust
episodes and averages for such conditions are considered as the ones for background. The

averages (£1Std.) of o foy (85%), and @y, are 1.54 (£0.19) m* g, 2.50 (+0.05),

sca,Bg ?
and 0.995 (£0.005) at 550nm, respectively. The values for f,, (85%) is assumed to be

1.1 [Anderson et al., 2003]. Unless specifically mentioned, the optical properties at
550nm will be derived in this study since f(85%) measurements were available only at
550nm.

The dust optical properties for cases I and II are derived using the set of equations
(Eq. 1-11) with these a priori values. Fig 2 shows measured and derived quantities of
aerosols for these two cases. The peaks in the measured scattering coefficients and

aerosol mass concentrations are primarily due to dust while those for the background



aerosols remain relatively constant. The averages and standard deviations for the dust
optical properties are provided in Table 1. A minimum threshold of 30 Mm™ for the
scattering coefficient was set for the statistics in order to remove noisy data associated
with low signals. The results are within the ranges that can be found in the literature [e.g.,
Hand and Malm, 2007].

Sensitivity tests carried out for the derived dust optical properties (see Fig Al, Fig
A2, Table Al, and Table A2 in Auxiliary Material A) showed that uncertainties (~+10%)
in a priori parameters can result in errors of 10-15% and less than 3%, respectively for
the dust MSE and dust SSA. An additional uncertainty in the derived dust MSE might
exist due to possible loss of volatile aerosol mass by the TEOM instrument [e.g.,
Kingham et al., 2005]. Unfortunately, there was no information on the contributions of
volatile aerosols to the total aerosol mass during the field experiment. Although it is
anticipated that the effect of “missing” mass of volatile aerosols on the derived dust MSE
in this study would not be so large as reported for smoke aerosols [e.g., ~28% from
Kingham et al., 2005], it clearly warrants future investigations about such effects of
volatile aerosols on dust measurements. Nevertheless, interestingly enough, the derived
dust optical properties for the two cases are quite different from each other (see Table 1).
Possible explanations and relevant discussions are provided in section 5.
5. Investigation of Dust Source Regions

As illustrated in section 4, the dust optical properties for the two cases showed

large differences. Especially, @, for the two cases differed by more than 0.05, exceeding

the ranges of uncertainties due to errors in the a priori parameters (Fig A2). Many factors

may be at play, such as (1) differences in the dust size distributions due to a size-



differential deposition, and (2) differences in the chemical compositions for the two cases.
Aerosol size measurements from the APS for Case-II and some other dust episodes
during the field experiments showed the same patterns of increases in particle number
concentrations for the diameter ranges between 0.8 and 2pum, which suggests that size
distributions may not be a major factor. Therefore we assume that different chemical
composition is a more likely explanation. For example, the iron content of the mineral
dust in the form of hematite is an efficient light absorber in the visible [Sokolik and Toon,
1999]. In addition, various types and contents of clays, quartz, fragmented fossil diatoms
introduce wide ranges of spectrally differential absorption [Sokolik and Toon, 1999;

Todd et al., 2007], which could explain the different @, for both cases. Since such

contents of mineral components depend on the soil properties of the source regions, it is
necessary to find out where the dust for the two cases originated.

In order to locate possible pathways of the dust, back-trajectories with duration of
7 days and end-point at Sal island were calculated every hour using the HYSPLIT model
[Draxler and Rolph, 2003] during the periods of dust episodes for cases I and II. Fig 3
shows the resultant back-trajectories for the two cases superimposed with 7-day averages
of AOT (550nm) from the composites of the operational MODerate resolution Imaging
Spectrometer (MODIS) Deep Blue (over the Saharan desert) [Hsu et al., 2004] and Dark
Target aerosol products (over ocean and vegetated land) [Remer et al., 2005]. In Fig 3,
the areas with high AOT indicate the location and loading of dust during the respective
periods. This was cross-checked with the UV Aerosol Index (Al) from the Ozone
Monitoring Instrument aboard the Aura satellite. UV Al has been widely used to detect

dust and biomass burning smoke [e.g., Hsu et al., 1999; Jeong and Li, 2005]. The areas of



high AOT over the Sahara are considered to be possible source regions, especially those
crossed by back-trajectories. To make sure, we searched for areas with sudden incidences
of enhanced AOT and UV Al on a certain day compared to the previous day around the
crosses between the back-trajectories and areas of the enhanced AOT and UV Al. The
corresponding areas are marked in the Fig 3 by pink circles. We believe that these areas
may have been significant sources contributing to the observed dust for the respective
cases. The results indicate that the dust measured at the surface of Sal originate from
different source regions between the two cases.

MODIS Deep Blue (DB) aerosol products operationally reports AOT over bright

surfaces and SSA (at 412nm) for dust pixels (hereinafter, DB SSA). @, derived in this

study is compared with DB SSA. DB SSA over the estimated source regions (pink circles
in Fig 3) were averaged for dust pixels (with AOT > 1.0) for the respective cases. As a
result, DB SSA for cases I and II are 0.915 (Std=0.004; AOT=1.381+0.270), 0.959
(Std=0.011; AOT=2.833%0.769), respectively. Direct comparison may not be appropriate
due to discrepancies in wavelengths and target aerosol volumes. However, DB SSA over

the two locations in North Africa is consistent with the @p, derived from surface

measurements, supporting the possibility that the two locations are the source regions for
the two cases.
6. Discussion and Conclusion

The values of SSA between the two cases, which possibly represent dust
originating from different source regions in North Africa, are significantly different. Our
assessment (see Auxiliary Material B) suggests that the dust for the two cases could yield

10.1Wm™ and -18.7Wm™ of differences in daily mean direct radiative effects for a

10



visible band (400-700nm) at the TOA and the surface, respectively (Case-I minus Case-
IT; AOT at 550nm was assumed to be unity). Atmospheric absorption due to the presence
of dust could differ by 28.8Wm™ between the two cases under the same conditions. Such
differences in absorption could lead to significant uncertainty in assessments of the
regional energy budget unless dust optical properties are properly resolved. Dust size
distributions are taken into account by some leading aerosol transport models and climate
models [e.g., Ginoux, et al., 2001; Zender et al., 2003], but their optical properties are
generally fixed over the globe. Given the wide ranges of dust optical properties — even
larger than the differences between the two cases of this study - adopted by various
climate models [Kinne et al., 2006; Hand et al., 2007], significant discrepancies in the
radiative absorption are expected among various models, thereby introducing different
heating/cooling rates of the atmosphere and surface. This in turn can cause changes in
atmospheric circulation. Therefore, it may be considered necessary for aerosol
transport/climate models to resolve dust optical properties depending on source regions
or mineralogy in order to reduce uncertainties in the impact of airborne mineral dust on
regional and global climate systems.
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Table

Table 1. Mean and standard deviation (Std.) of the derived dust mass scattering efficiency

and dust single scattering albedo.

Case-I] Case-I1I

Parameter o-sca,Du (40%) o-sca,Du (40%)

0.55
megty | O e

@p, (0.55pm)

Mean (£Std.) | 1.21 (0.71) | 0.900 (0.049) | 0.93 (0.17) | 0.961 (£0.012)

Figure Captions

Fig 1. Time series of normalized back-scatter profiles measured from Micro-Pulse Lidar
(MPL) at Sal, Cape Verde during 2-26 Sep 2006. Dust layers are seen in green and light
blue around 1-4km above the ground level (AGL). The two dust episodes investigated in
this study are outlined by pink boxes. Cirrus clouds (10-15 km AGL) associated with

large-scale atmospheric circulation were frequently observed during the field experiment.

Fig 2. (a)-(d) Scattering coefficients, f(85%), mass concentration, and SSA for Mixture,
Background, and Dust aerosols during Sep 10-13. (e)-(h) Same as Fig 2a-d, but during
Sep 19-20. All the aerosol parameters are defined for particles with diameter equal to or
less than 10um. The reference wavelength and RH for scattering coefficients, f(85%) and

SSA are 550nm and 40%, respectively.
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Fig 3. MODIS AOT (550nm) averaged for 7 days on and prior to the beginning of each
case. Superimposed black lines are 7-day back-trajectories terminating at Sal (16.7N,
22.9W; star symbols). Each line represents a back-trajectory ending at every hour
throughout the period of each case. Pink circles stands for the estimated source regions

for dust observed at Sal each case.
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